The amount of carbon transported into storage organs of crop plants to a large degree determines crop yield. The role of sucrose-cleaving enzymes in this process is not clear and it is the main goal of our work to tackle this question. Sucrose cleavage is catalysed either by invertase or sucrose synthase both of which exist in several isoforms with different subcellular locations. Carrot (Daucus carota L.) contains three major isoenzymes of acid invertase, which either accumulate as soluble polypeptides in the vacuole (isoenzymes I and II) or are ionically bound to the cell wall. Carrot sucrose synthase is thought to be a cytoplasmic enzyme encoded by two genes. cDNA clones have been isolated and characterized for cell wall invertase, for isoenzymes I and II of vacuolar invertase, and for sucrose synthase. Gene-specific fragments of these clones were used to determine the steady-state levels of transcripts in the prominent sink and source organs of developing carrot plants. The expression patterns of each gene were different and were organ-and development-specific. Developing tap roots contained only transcripts for isoenzyme II of vacuolar invertase and sucrose synthase. The source/sink balance of these plants was manipulated and only the expression of these two genes was markedly altered, indicating their importance in sucrose partitioning. Based on these results, a model is proposed for sucrose partitioning in carrot plants with developing tap roots in which sucrose synthase regulates sucrose utilization, whereas isoenzyme II of vacuolar invertase controls sucrose storage and sugar composition.
Introduction
In most plants, sucrose is the primary product of photosynthesis and also the transport form of assimilated carbon. Whereas some of the sucrose is directly used for leaf growth and maintenance, the majority is transported to the heterotrophic plant organs. Sucrose transport from source cells into sink organs is a multi-step process which includes transport through several membranes and longdistance transport in the sieve tube/companion cell complex (phloem). It is thought that sucrose transport is driven by a turgor pressure gradient generated by a sucrose concentration gradient, with high sucrose concentrations at the site of phloem loading and lower concentrations at the site of phloem unloading (Ho and Baker, 1982) . The molecular components that generate this concentration gradient are under investigation in many laboratories, and include membrane-located transport proteins and sucrose-cleaving enzymes that catalyse sucrose utilization in the sink organs (Ho, 1988) . In this laboratory, molecules involved in sucrose transport into the tap root of carrot (Daucus carota L.) are being identified. In this plant species, sucrose is the transport form of assimilated carbon and also the major storage compound, accumulating in vacuoles of the parenchyma cells of the tap root. Because of this biochemical simplicity, carrot is an ideal model for such a study. In this review, the focus will be on the molecular characterization of sucrose-cleaving enzymes from carrot and their possible functions in sucrose partitioning.
in the presence of uridine diphosphate (UDP) into UDPglucose and fructose. In contrast, invertase is a hydrolase which cleaves the disaccharide into glucose and fructose. Sucrose synthase and invertase exist in several isoforms which accumulate in different subcellular compartments. In monocot plants, two isoforms of sucrose synthase are known (Chourey and Nelson, 1976; Chourey, 1981) , with fairly similar protein sequences (Huang et al., 1994) but very different regulation at the level of gene expression (Chourey et al., 1986) . For a long time it was thought that sucrose synthase was a soluble protein in the cytoplasm, but recent findings have demonstrated that in, for example, cotton fibres about half of the protein is associated with the plasma membrane and appears to be involved in the biosynthesis of cellulose and callose (Delmer and Arnot) 1995; Amor et al., 1995) . With the exception of Arabidopsis (Chopra et al., 1992; Martin et al., 1993) and potato (Fu and Park, 1995) , only one gene and one sucrose synthase polypeptide have been found in dicot plants (Salanoubat and Belliard, 1987; Arai et al., 1992; Heim et al., 1993; Wang et al., 1993) .
Sucrose synthase has been isolated from carrot roots and characterized at the biochemical level (Sebkova et al., 1995) . A cDNA clone has been obtained by heterologous cloning with the cDNA for the enzyme from potato (Salanoubat and Belliard, 1987) and because several independent cDNA clones had an identical DNA sequence, it was thought that only one gene existed. This notion was supported by a rather simple hybridization pattern on a genomic DNA gel blot. During a recent search for genomic clones for carrot sucrose synthase, two genes coding for similar, but clearly different, polypeptides were identified (M. Hardegger, S. Schatt, and A. Sturm, unpublished results) . A study on the expression of the genes revealed that the gene corresponding to the cDNA is expressed in numerous tissues throughout plant development (Sebkova et al., 1995) . In contrast, transcripts of the second gene have not been identified, either in a specific organ at a specific developmental stage or as the result of biotic or abiotic stresses (S. Schatt ana A. Sturm, unpublished results) .
Plant invertases have either alkaline or acidic pH optima. Alkaline invertase has been characterized in only a few plant species (Ricardo, 1974; Morell and Copeland, 1984; Masuda et al., 1987; Chen and Black, 1992; van den Ende and van Laere, 1995) , and is thought to be a cytoplasmic protein (cytoplasmic invertase). Acid invertase (,B-fructofuranosidase) has been studied extensively (Sturm and Chrispeels, 1990) , and accumulates either as a soluble protein in the matrix of the vacuole (vacuolar invertase) or is ionically bound to the cell wall (cell wall invertase).
Alkaline invertase was purified from the soluble fraction of cells of a carrot cell suspension culture and two isoforms with different biochemical characteristics were obtained (Lee and Sturm, 1995) . Partial amino acid sequencing revealed no homologies to the acid invertases (A. Sturm, unpublished results) . cDNA cloning is in progress.
Carrot contains several acid invertases; a major form of the cell wall enzyme and two forms of vacuolar invertase (isoenzyme I and II). The different isoforms were characterized at the biochemical level and the most abundant form of each compartment was purified (Lauriere et al., 1988; Unger et al., 1992) . Partial sequences and specific antibodies led to the isolation of their cDNA clones (Sturm and Chrispeels, 1990; Unger et al., 1994) . The acid invertases appear to be preproproteins with signal peptides and N-terminal propeptides. A comparison of the amino acid sequences of the leader peptides of the different isoforms showed no homologies. The mature proteins of the vacuolar invertases are very acidic, whereas the cell wall protein is very basic. The vacuolar proteins share some regions of homology with the cell wall enzyme but in parts are quite different, explaining the marked differences in their isoelectric points. The cDNA-derived amino acid sequences of the vacuolar invertases also contain short C-terminal extensions, most likely containing the information for vacuolar targeting ( Unger et ai., 1994) .
The marked differences in the sequences of the different isoforms of acid invertase indicate that each isoenzyme is encoded by a different gene. Genomic gel blots probed with cDNA-specific probes confirmed this hypothesis as the probes hybridized to different DNA fragments. Furthermore, the hybridization patterns obtained were quite simple, suggesting that each of the isoforms is encoded by only one or two genes (Unger et al., 1994) . These genes have since been isolated and sequenced (Ramloch-Lorenz et al., 1993; Lorenz et al., 1995; M. Hardegger and A. Sturm, unpublished results) . Their overall gene structures are very similar (Plate 1). A comparison of the 5' upstream sequences revealed no prominent homologies.
In conclusion, the carrot alkaline and acid invertases appear to be unrelated with respect to their protein sequences. The different isoforms of the acid invertases are the products of different but related genes, which is in contrast to the invertases of yeast. Yeast contains a cytoplasmic and an extracellular invertase which originate from one gene by differential splicing (Carlson and Botstein, 1982) .
Analysis of the function ot the different isoforms of sucrose synthase and invertase
Sucrose synthase and invertase have been known for several decades and have been studied in numerous plant species. From these studies it has become clear that the two enzymes play essential roles in plant carbon metabol-leaves:
Sucrose-cleaving enzymes in carrot 1189 ism. The presence of different isoforms, with their spatial compartmentation in plant cells and their unique biochemical properties may permit independent control of sucrose metabolism, translocation, and storage, and may facilitate the entry of hexoses into intermediary metabolism (Chen and Black, 1992) . The specific functions of the different isoforms are slowly emerging and several hypotheses have been published. It has been suggested that cell wall invertase plays an important role in phloem unloading by creating a steep sucrose concentration gradient between the source tissue and the sink organs (Eschrich, 1980; Morris and Arthur, 1985) . It has been proposed that the vacuolar invertases participate in the regulation of the hexose level in mature tissues (Ricardo, 1974, Ricardo and Sovia, 1974) and in the utilization of sucrose stored in vacuoles (Leigh et al., 1979) . Recent studies have also suggested participation of vacuolar invertases in sink-strength regulation (Morris and Arthur, 1985; Arai et al., 1991) . Others have proposed that the activity of sucrose synthase can be used as a biochemical marker for sink strength (Sung et al., 1989; Sowokinos and Varns, 1992; Sun et al., 1992) .
To understand the functions of the different isoforms of the carrot sucrose-cleaving enzymes, it is important to know when and where their genes are expressed. The steady-state transcript levels for the different isoforms of sucrose synthase and invertase were therefore determined in source and sink organs of developing carrot plants by RNA gel blot analysis (Sturm et aI., 1995) . As probes, gene-specific fragments of the cDNA clones described above were used.
Data from this laboratory show an individual expression pattern for the genes analysed, indicating a different function for each enzyme (Fig. 1) . Only plants with primary roots contained high and about equal levels of transcripts for cell wall invertase in leaf lamina, petioles and roots; thus the expression of the gene is developmentspecific, but not organ-specific . In contrast, expression of the genes for isoenzyme I and II of vacuolar invertase seems to be under spatial and temporal control. High levels of transcripts for both isoenzymes were only found in roots, with the highest levels of isoenzyme I transcripts in primary roots and isoenzyme II in developing tap roots. Transcripts for sucrose synthase were found in all developing plant organs. The transcript level appears to be highly regulated, with markedly elevated levels in young leaves and in roots at the transition from primary to secondary roots.
In developing tap roots, only transcripts for sucrose synthase and isoenzyme II of vacuolar invertase were detected, suggesting their involvement in sucrose partitioning. In contrast, transcripts for isoenzyme I and cell wall invertase were not found, making their participation very unlikely. In order to support this finding, the sink/ source balance of carrot plants was altered and the concentration gradient, an apoplastic unloading step has been suggested (Ho, 1988; Patrick, 1990) . In contrast to the model postulated by Eschrich (1980) , sucrose is transported without prior cleavage from the apoplast into the parenchyma cells of the carrot tap root (Daie, 1984) . Dependent on the developmental state of these cells, sucrose is utilized for growth and development (utilization sink) and/or imported into the vacuoles for storage (storage sink). In contrast to Eschrich's model, in which cleavage of the sucrose by cell wall invertase was the Sucrose, the first non-phosphorylated product of carbon assimilation, is synthesized in the cytoplasm of the leaf mesophyll cells (Fig. 2) , from where it is transported to the developing tap root. Phloem loading requires the transport of the disaccharide across at least two membranes. It is widely believed that the disaccharide passively diffuses through their plasma membranes into the extracellular space due to the high sucrose concentration in the mesophyll cells (van Bel, 1993) . Transport of sucrose from the apoplast into the phloem is catalysed by a H + /sucrose co-transporter of the companion cell plasma membrane and is driven by ATP hydrolysis at the cytoplasmic side of the transport protein (Daie, 1989) . The ATP needed is generated in the companion cells by catabolism of some of the sucrose, which may require the activity of sucrose synthase for sucrose cleavage (Nolte and Koch, 1993) . The companion cells and the sieve tubes appear to be connected by numerous plasmodesmata and are considered as one compartment with respect to transport of photoassimilates (Kempers et al., 1993) . Sucrose transport between source and sink organs seems to be driven by a turgor pressure gradient caused by a sucrose concentration gradient (Ho and Baker, 1982) . For sugar-storing sinks such as carrot tap roots, where osmotically active solutes are stored against a expression patterns for the genes for the sucrose-cleaving enzymes analysed . Only the expression of isoenzyme II of vacuolar invertase and sucrose synthase markedly changed, supporting their involvement in sucrose partitioning. Transcripts of cell wall invertase and isoenzyme I of vacuolar invertase were not detected throughout the experiment, providing further evidence that these enzymes have no function in this process. driving force of phloem unloading, in our model (Fig. 2) this process is driven by sucrose utilization in the cytoplasm and storage in the vacuole. Because transport of sucrose into carrot parenchyma cells occurs at least partially through membrane-located pumps (Daie, 1984; Hole and Dearman, 1994) , active translocation of the disaccharide through the plasmalemma may also drive this process.
In developing carrot tap roots (utilization sink), cytoplasmic cleavage of sucrose for utilization appears to be catalysed by sucrose synthase. The UDP-glucose generated by sucrose synthase is a general intermediate for the biosynthesis of cell wall polysaccharides, amino acids, lipids etc. At later stages of tap root development (storage sink), storage of sugars is the main cellular activity. For this purpose sucrose is transported into the vacuoles against a sucrose gradient, which is carrier-mediated and requires energy (Getz, 1991; Getz et al., 1993) . Compartmentation of sucrose in the vacuole and its subsequent cleavage by a vacuolar invertase now generate and maintain the sucrose concentration gradient and thereby participate in driving the flow of sucrose from leaves into roots. Because the activity of the vacuolar invertase is inhibited by millimolar concentrations of fructose (Sampietro et al., 1980; Lopez et al., 1988; Isla et al., 1991) , sucrose cleavage does not go to completion and the sugars stored in mature tap roots are a mixture of sucrose, fructose and glucose.
This model for sucrose partitioning can also be applied to plants in which photoassimilates are unloaded symplastically (Fig. 2) . In this extended and now fairly general model, unloading may occur either via a symplastic or an apoplastic route. Sink strength is now generated by the common action of sucrose synthase and vacuolar invertase and, especially in the case of apoplastic unloading, by the directed and active transport of sucrose across membranes.
The model presented above only assigned functions to one isoform of sucrose synthase and to acid invertase. Alternative functions of these and possible functions of the other enzymes have been discussed in detail in a previous publication . To test the model, transgenic carrot plants with altered expression of the different enzymes by sense/antisense transformation are currently being generated.
